Abstract The role of the zebra mussel Dreissena polymorpha in redistribution of total particulate material (TPM) between the water column and bottom sediment was estimated using the TPM budget for a mussel bed in the Curonian lagoon, the Baltic Sea. Seasonal clearance rates were derived from the TPM budget assuming two resuspension scenarios: no resuspension and full resuspension of biodeposits. Estimated clearance rates for both scenarios were compared with the rates calculated from the population clearance rate model. Seasonal clearance rates estimated using the population model (1.1 and 11.8 l g À1 SFDW day
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) fitted well into the interval of seasonal clearance rates calculated from TPM budgets assuming no resuspension of biodeposits (3.2 and 21.4 l g SFDW À1 day À1 ). In the scenario with biodeposits resuspension clearance rates were much higher (57.4 and 148.9 g SFDW À1 day À1 ). The ratio of clearance to residence time was highly dependent on the fate of biodeposits. Therefore its use in interpretation of the species impact on TPM was limited. An alternative measure based on the ratio of the amount of TPM biodeposited to TPM transported into the bed was used. It was found that zebra mussels are able to deposit between 10 and 30% of the incoming TPM, and the amount of biodeposited material was correlated with water residence time. Results indicate that the impact of zebra mussels on TPM in the lagoon is small relative to the high transport rates of TPM over the bed. However, annual biosedimentation rate ($590 g m À2 ) in the mussel bed was higher than physical deposition rate
Introduction
Spread of the zebra mussel Dreissena polymorpha into the inland and coastal waters of the Baltic Sea basin has largely taken place in the past 200 years. In the Curonian lagoon, a shallow coastal water body in the southeastern part of the Baltic Sea, the zebra mussel appeared in the early 1800s and references therein). Being able to form dense clumps and to dominate in terms of benthic community biomass, D. polymorpha became an important component of the lagoon's ecosystem (Olenin and Leppa¨koski 1999 ). Zebra mussels cause multiple functional changes in invaded ecosystems (e.g. Karatayev et al. 2002) , and similar effects could be expected for the Curonian lagoon. However, direct preand post-invasion comparisons are not possible since the zebra mussel invasion in the lagoon happened long before ecological research commenced.
In this study we consider one of the functional aspects of D. polymorpha invasion: its role in redistribution of suspended particles between the water column and bottom sediment. We estimated the species' impact on total particulate material (TPM) fluxes in different seasons using a TPM budget for the zebra mussel bed. Seasonal clearance rates were also calculated using a population clearance rate model. These rates were compared with those derived from the TPM budget. The species role is evaluated in the context of the suspended material budget of the lagoon and its hydrological regime.
Study area
The Curonian lagoon is a large (1,584 km 2 ), shallow (mean depth 3.8 m) and mainly freshwater body connected to the south-eastern part of the Baltic Sea by a narrow strait (Fig. 1) . The Nemunas River brings 98% of the total freshwater runoff and enters the lagoon in its central area, dividing the water body into two different parts (Jurevicius 1959) . The northern part is a transitory riverine-like system transporting freshwater into the sea and receiving seawater during wind driven short-term inflow events. The lacustrine southern part is characterised by a relatively closed water circulation and lower current velocities. Therefore it serves as a main depositional area of the lagoon.
The annual Nemunas River discharge ($23 km 3 ) exceeds the lagoon's water volume approximately four times and carries annually about 437,000 tons of particulate material (Galkus 1995; Galkus and Joksas 1997) (Fig. 2) . Production of organic particulate material in the lagoon is higher than TPM input from the freshwater source. This was estimated to be about 610,000 tons. Approximately 40% of the received and produced TPM is carried into the sea, while the rest is retained within the lagoon annually (Fig. 2) .
Methods
Quantitative characteristics of the D. polymorpha population were obtained from a long-term monitoring dataset (4 permanent stations, 270 samples) and the results of several surveys carried out during the period 1999-2004 (20 stations, 120 samples in total). Samples were collected and treated following standard guidelines for bottom macrofauna sampling (HELCOM 1988) .
The impact of the zebra mussel population on TPM in the Curonian lagoon was estimated using a TPM budget for the zebra mussels' bed. Assuming conditions of steady state and full mixing of the water column, the following balance equation was used to describe the TPM budget:
where Pr = amount of TPM produced above the zebra mussels bed; In R = amount of TPM supplied by the river Nemunas; In S = amount of TPM transported to the bed with inflowing waters from the southern part; Dep = amount of TPM deposited in the bed; Res = amount of resuspended TPM; Out = amount of TPM transported from the bed. Two sources of the incoming TPM were taken into account: (1) Nemunas River runoff passing the bed (In R ), and (2) the return flux from the southern part of the Curonian lagoon adjacent to the bed (In S .). The freshwater TPM input was calculated using literature data on water fluxes from the Nemunas River and suspended material concentrations in the incoming water (Galkus 1995; Galkus and Joksas 1997) (Table 1) Galkus and Joksas (1997) same publications were used to obtain data on TPM concentrations in the southern part of the lagoon, while water exchange was quantified using 2D finite element hydrodynamic model SHYFEM (Umgiesser et al. 2004) . Local TPM production for the budget calculations was taken from Galkus and Joksas (1997) assuming a homogenous distribution in the central part of the lagoon. Since the central part was reported as a transitional environment with no physical deposition of suspended material (Galkus and Joksas 1997; Pustelnikovas 1998) , the uptake of the particulate material by D. polymorpha was assumed to be the main process responsible for TPM downward flux (see also Discussion):
where UR = uptake rate in g m À3 day
À1
, CR(h) = volume specific clearance rate (i.e. area specific clearance rate divided by depth) of zebra mussels in m 3 m À3 day À1 ; TPM = concentration of TPM in the water column above the bed in g m À3 . Following assumptions above, the amount of resuspended TPM was described as biodeposits, which are returned to the water column:
where h = fraction of resuspended biodeposits; Fc = amount of faeces in the zebra mussel bed; PsFc = amount of pseudofaeces in the zebra mussel bed. Rates of faeces and pseudofaeces production were quantified following equations:
where FcR = faeces production rate in g m À3 day À1 ; PsFcR = pseudofaeces production rate in g m À3 day À1 ; FPOM = fraction of organic material in TPM; f = fraction of pseudofaeces in rejected material (Klepper 1989; Herrman 1993) ; g = assimilation coefficient of organic material (derived from Schneider et al. 1998) .
Taking into account the above conditions, the balance equation (1) was transformed into the following equation describing dynamics of TPM in the D. polymorpha bed for each season:
where a=TPM net production (Galkus and Joksas 1997) in g m À3 day
; h = fraction of resuspended biodeposits; V = water volume above the bed in m 3 ; Q = water flux from the Nemunas River in m 3 day À1 ; p = ratio of the incoming water flux from the southern part and the Nemunas River; TPM R = TPM concentration in the Nemunas runoff in g m À3 ; TPM S = TPM concentration in the southern part of the Curonian lagoon.
Since the extent of biodeposit resuspension was unknown, lower and upper limits for the zebra mussels' clearance rate were estimated using two scenarios: (1) no resuspension of biodeposits occurs (h=0); and (2) all biodeposits are resuspended (h=1). The following equation was derived from (2) for volume specific clearance rate:
Two parameters were used to characterise impact of zebra mussels on TPM in the water column. Clearance time, based on the volume specific clearance rate, was used to quantify the time needed to filter all particulated material entering the bed. This measure along with the water residence time (period of time needed to replace the water mass above the bed) was used in several studies (Heip et al. 1995; Dame 1996) to compare rates of particle transport driven by hydrodynamic and biological (suspension feeding) factors. Along with this approach, the net deposition defined as a difference between the amount of material filtered from the water column (uptake) and the amount of resuspended biodeposits were used as an alternative measure of suspension feeding impact on TPM. An equation for net deposition was derived from eqs. 2 and 3, and in contrast to the volume a budget elements recalculated from Galkus (1997) and Galkus and Joksas (1997) b budget elements estimated using 2D hydrodynamic SHYFEM model (Umgiesser et al. 2004) specific clearance rate (3) this was independent of the extent of resuspension:
where Dep NET = net deposition in g m À3 day À1 ; a = TPM production above the bed in g m À3 day
. In order to test the reliability of clearance rate estimates obtained from the TPM budget approach, 0-dimensional clearance model for zebra mussel populations (Zemlys et al. 2001 ) was used assuming steady state for the seasons. The model estimates clearance rate of the population using its average biomass, water temperature and TPM concentration in the water column (Table 2 ). Since the net clearance rate of mussels in clumps is lower than that of separate individuals due to refiltration (Yu and Culver 1999) , a basal clearance rate and a refiltration factor were introduced into the model (Table 2) . A filtering activity of 16 h day À1 was assumed following the results from various studies (Morton 1969; Walz 1978; Horgan and Mills 1997) .
Results
The population of D. polymorpha forms dense non-attached clumps of individuals on soft bottoms of the Curonian lagoon. Such beds of zebra mussels are directly exposed to the Nemunas River outflow (Fig. 1 ) and occupy about 300 km 2 or approximately 20% of the lagoon's bottom. Shell free dry weight (SFDW) and density of the zebra mussels in the area ranges from 0.5 to 0.5·10 4 g m À2 and from 40 to 57·10 3 ind m À2 , respectively, with the 14-20 mm size class dominant in the population. Due to negatively skewed distributions,
Approximately 806,000 tons of TPM enters the D. polymorpha bed annually: ca. 54% comes from the Nemunas River and ca. 46% from the southern part of the lagoon adjacent to the bed. Amount of TPM brought into the bed with the freshwater runoff is the highest in spring and gradually decreases towards winter (Fig. 3) . Decline in freshwater TPM input during summer and autumn is compensated by the TPM flux from the southern part, which reaches the highest level in autumn. Therefore, the TPM supply into the mussel bed is relatively constant, except during winter when it is 2-3 times lower. The local TPM production over the bed (112,000 tons) makes approximately 12% of the total annual input.
Annually the population of zebra mussels is depositing approximately one quarter of the TPM passing the bed. The lowest figure was found for spring (10%), while in summer and autumn the relative amount of deposited TPM increases (up to 18-30%). Approximately 87% of the total removed material is deposited in a form of faeces and pseudofaeces and 13% is assimilated into the body weight of mussels. Outflow of TPM from the bed is relatively constant (206,000-246,000 tons) except during winter (Fig. 3) .
The seasonal clearance rate estimated using the population clearance model ranged between 1.1 and 11.8 l g À1 SFDW day À1 during the year (average 7.4±2.3 l g À1 SFDW day À1 ) (Fig. 4) . These values generally fitted well into the ranges of the seasonal clearance rates estimated from the TPM budget using two resuspension scenarios (no resuspension or all biodeposits resuspended). However, the modelled rate for the winter period was considerably lower. Excluding this period, the modelled clearance rates were on average 2.5 times higher than the values estimated from the budget Long-term average (see text for explanations) T Water temperature,°C Long-term average (Jurevicius 1959; Dubra 1995) assuming the no resuspension scenario. In case all biodeposited material is resuspended, the modelled and the budget estimates of the clearance rates followed different seasonal patterns. The estimated clearance time indicates that 47 days on an average are needed for zebra mussels to remove all TPM present in the water column above the bed (if no resuspension occurs), while the residence time in the area occupied by zebra mussels is 11 days (Fig. 5) . In spring, during the period of the maximum TPM load, the highest difference between clearance and residence time (70 and 7 days, respectively) is found. In summer and autumn months, when the water flow is reduced and the clearance rate of mussels is relatively high, the difference between residence and clearance time decreases. At low TPM concentrations during winter, increased clearance rates result in relatively short clearance time, which is comparable with residence time (10 and 9 days respectively). This ratio is opposite if full resuspension of biodeposits is assumed (Fig. 5) . In this case, the clearance time is 2-5 times shorter than water residence time (11 days in average) and relatively constant between seasons (3 days in average).
Discussion
Estimates of filtered water volumes and subsequent ecosystem effects vary significantly depending on the population characteristics of the suspension feeder as Fig. 3 Seasonal TPM budgets for the zebra mussels bed (Ü input from the Nemunas River; Þ input from the southern part; Ý output from the bed; ß deposition; Ø local TPM production)
3. Fig. 4 Comparison of seasonal clearance rates obtained from the population clearance model and TPM budget calculations using two resuspension scenarios well as intrinsic hydrographic conditions (depth, residence time) of the water body (Dame 1996) . Time needed for D. polymorpha to filter the whole water volume also ranges from several hours (e.g. Fanslow et al. 1995; MacIsaac et al. 1992 ) to weeks or months (Stanczykowska 1977; Reeders et al. 1989) .
In this study the impact of D. polymorpha on TPM flow in the enclosed shallow lagoon was estimated from the seasonal TPM budgets for the water column above the mussel bed taking into account the water residence time. Physical sedimentation was reported to be unimportant in this part of the lagoon (Galkus and Joksas 1997; Pustelnikovas 1998) , while zooplankton grazing in summer was estimated in a range between 5 and 10% of TPM (Gasiunaite and Razinkovas 2000). We also assumed a negligible effect of other large suspension feeders (mainly Unio tumidus, but also U. pictorum, Anodonta cygnea and A. piscinalis) on TPM deposition due to their low occurrence (<30%) and very low densities (in most of the samples only single individuals were found). Therefore, our calculated estimates of the D. polymorpha impact should be considered as maximal.
The upper and lower limits of the clearance rate of zebra mussels were estimated from the TPM budget considering two resuspension scenarios. Generally, the seasonal variations in the clearance rate followed a temperature dynamics in the lagoon and the TPM supply into the mussel bed. There was general agreement between the modelled and the budget based estimations for all seasons except winter. Very high clearance rate calculated from the budget for this season reflected exceptionally high retention of the allochtonous TPM, approximately 45% of the input retained within the zebra mussel bed in contrast to less than 4% in other seasons. A possible reason for overestimation of the winter clearance rate may be an increased physical sedimentation in the lagoon under ice cover. Also, in our model the reduction of clearance rates at temperatures below 10°C was assumed (based on Sprung 1995), while other authors (e.g. Smaal et al. 1997 ) excluded the temperature factor in the modelling of suspension feeding. It is obvious that our limited knowledge on the temperature effect on clearance rate requires more experiments. Additionally, the deviation of the results from two approaches might be caused by the TPM input data. Compared to other seasons a low number of winter samples was available (Galkus and Joksas 1997) and the budget based clearance rate was highly dependent on TPM concentrations: e.g. a decrease in TPM concentration by 15%, from 31 to 26 g m
À3
, would result in an almost two times decrease in clearance rate.
Both approaches gave relatively consistent values (the budget based: 2-64 ml ind À1 h À1 (no resuspension of biodeposits) and 171-440 (all biodeposits resuspended); the modelled: 4-32 ml ind À1 h À1 ) in a context of highly variable clearance rates obtained for D. polymorpha in various studies (between 1 and 500 ml ind À1 h À1 : for reviews see Kryger and Riisga˚rd 1988; Bunt et al. 1993; Ackerman 1999; Yu and Culver 1999) . Perhaps due to the much longer time scales (seasons) than most literature estimates (usually hours to days), the clearance rates obtained in our study are mainly in the lower range of published values. Our estimates (excluding for scenario of biodeposit resuspension) are also lower than potential clearance rates (approximately 100 ml ind À1 h À1 ) (Kryger and Riisga˚rd 1988) for individuals of the same average shell length. Many laboratory experiments do not take into account effects leading to reduction of the clearance rate in natural conditions (e.g. high near bottom flows or high levels of inorganic TPM fraction).
Another reason for relatively low clearance rates in our study could be the overestimated average biomass of zebra mussels, since their clumps are patchy in distribution and vary in size. However, using an empirical relationship (Heip et al. 1995) between volume specific biomass of mussels and average lagoon's water residence time of 18 days for the lagoon, we obtained an area specific biomass of 15.5 g SFDW m À2 . This value is highly consistent with the actual median biomass of Clearance time, days (+ resuspension) Residence time, days Clearance time, days (-resuspension) Fig. 5 Water residence time in the zebra mussel bed and TPM clearance time estimated from TPM budget calculations using two resuspension scenarios 15.7 g SFDW m À2 estimated for the zebra mussels in the Curonian lagoon.
Clearance to residence time ratio (=1) was used to differentiate systems controlled by suspension feeders (ratio <1) from those dominated by hydrodynamic forcing (ratio >1) (Dame 1996) . This ratio in our study was highly dependent on the fate of biodeposits. The values obtained were higher than one if all biodeposits were resuspended, and lower than one if biodeposits were retained in the bed. Due to resuspension of biodeposits and their potential refiltration, the clearance time based on the clearance rate, only partly reflects the impact of zebra mussels on TPM, since the low clearance time in conditions of high resuspension rates would not necessarily result in decreased TPM concentrations in the water column. Therefore, interpretation of the clearance to residence time ratio in shallow systems with predominant resuspension might be difficult.
An alternative measure of zebra mussel impact on TPM transport may be based on the ratio between TPM input and the amount of TPM, which is biodeposited in the bed. The constructed seasonal TPM budgets show the ability of zebra mussels to deposit between 10 and 30% of TPM entering the bed (excluding local production when the winter period is neglected). The relative amount of biodeposited TPM agrees well with residence time, being the lowest in spring (10%, residence time 7 days) and highest in summer (30%, residence time 15 days). This demonstrates predominance of lateral TPM transport rather than a significant contribution of suspension feeding in the deposition processes. Short water residence time within the mussel bed impedes efficient removal of large TPM amounts and could be considered as a main factor diminishing the role of suspension feeding in TPM transport in the lagoon.
A large part of the TPM is transported to the sea, but it also enters the relatively isolated southern part of the lagoon where it is deposited and mineralised. This sedimentation area ($1,020 km 2 , Galkus and Joksas 1997) is approximately 3.5 times larger than the zebra mussel bed in the lagoon and acts as an important source of nutrients, accelerating high local primary production. However, annual TPM uptake by suspension feeding zebra mussels (176,000 tons) is approximately half the amount of TPM deposited in the southern part of the lagoon (388,000 tons, Galkus and Joksas 1997), while annual biosedimentation rate ($590 g m À2 ) in the D. polymorpha bed is even higher than physical deposition rate ($380 g m À2 ) in the sedimentation areas. The principal difference lies in the fate of biodeposited and sedimented particles, since biodeposits are transferred to the bottom under relatively high-energy conditions at depths of $3.5 m, while physical sedimentation occurs in accumulation bottoms at 5-6 m depth. Even though little is known about the residence time of biodeposited particles, part of this material serves a food source for various benthic species, which are found in significantly higher numbers within the clumps of mussels than in adjacent sediment (Daunys 2001) . Therefore, instead of changing TPM transport pathways at the ecosystem scale, biodeposition may appear to be of high importance in increasing efficiency of organic material transfer between trophic groups as well as in maintenance of biodiversity at the local scales.
Conclusions
Dreissena polymorpha became an additional agent of TPM sink in the lagoon after its invasion. However, the species is not capable to control TPM transport. This is primarily determined by natural ecosystem constraints such as the hydrologic regime and hydrographic conditions. On the other hand, along with the zebra mussel invasion the biological transfer of particulate material from the water column to the bottom was also made possible in areas originally devoid of physical sedimentation. Estimated biodeposition rate per surface unit in the mussel bed is higher than the physical deposition rate in the sedimentation areas. Even though the fate of biodeposited particles remains poorly known, local effects of suspension feeding associated with significantly increased organic material availability for other trophic groups of benthic fauna may appear to be more significant than effects on TPM pathways at the ecosystem scale.
